Abstract Laser performance is greatly dependent on its operating conditions due to the strong coupling among multiphysics such as gas-dynamics, chemical reaction kinetics and optics in the mixing nozzle of COIL. In this paper, 3D CFD technology is used to simulate the mixing and reactive flow of subsonic cross jet scheme at different conditions. Results obtained show that the jet penetration depth plays a dominant role in the spatial distribution of small signal gains. In the case of over-penetration, unsteady flow structures are induced by impinging between the opposing jets. The optimum spatial distribution of the chemical performance cannot be obtained even if the full penetration condition is achieved through the subsonic transverse jet mixing scheme in the COIL nozzle flow.
atom I, is pumped into an excited state I * , through the process of near resonant energy transfer between meta-steady singlet oxygen O 2 ( 1 ), and I. Then, the laser medium, I * radiates a photon with a wavelength λ = 1.315 µm, which can amplify the seed beam into a high power infrared laser beam through the resonance cavity. The research on the chemical oxygeniodine lasers (COIL) has recently been accelerated due to the potential military and industrial applications, which are dedicated to systematically integrating the COIL for mobile platforms. In order to meet the requirement of such the platform, the enormous volume and weight of the COIL must be reduced significantly. This appears to be difficult task, but it is an interesting research topic.
Although the supersonic COILs are routinely operated in several laboratories around the world and various impressive projects are underway, there still remains room for considerable improvement of the COIL's main performance characteristics [1] . Generally, the laser performance greatly depends on operating conditions due to the strong interactions among multi-physics, such as gas-dynamics, chemical reaction kinetics, and optics in the mixing nozzle flow of the COIL. The recent research indicate that the unsteadiness in the jet mixing region translates directly into unsteadiness in the laser gain and power output [2] .
While large numbers of the numerical researches [1] [2] [3] [4] [5] regarding the mixing nozzle flow can be found in the literature published in the last decade, so far, few efforts have been made and less attention has been paid to the interaction of the flow structures with the chemical reactions associated with different operating conditions. In this paper, nozzle flows are analyzed further by using 3D CFD technologies and high performance parallel computing resources. The objective of this work aims at obtaining a better understanding of the physical processes in the COIL mixing nozzle operating under different conditions. 
Chemical reactions and gas dynamics
In general, the gas phase chemistry in the mixing nozzle of COIL can be described with the following three processes: the pumping reaction produces an excited iodine atom, and various competing or de-active reactions. Although some uncertainties exist in the applicable kinetics rate equations and corresponding rates, predicting the dissociation of molecular iodine I 2 in an excited oxygen stream O 2 ( 1 ) is the largest source of the errors in modelling the performance of chemical oxygen-iodine lasers [4, 5] . The main kinetics processes are illustrated in Fig. 1 . Reaction equations (1)-(4) model the self-catalyzed chain reaction of the I 2 dissociation, where Eq. (1) is the primary onset reaction and reaction (3) is the resonant energy transfer or pumping reaction through which the laser media are generated. Reaction equations (5)-(7) govern different quench processes by third-bodies. Equation (8) represents the stimulated laser radiation. For simplicity, other reaction equations, such as the minor onset reactions of the dissociation, are not included in Fig. 1 but can be found in [6] or in Table 1 .
Numerical analysis of the flowfield in COIL

Governing equations and numerical technology
The COIL flow with a low density and Reynolds number from 10 2 (based on jet flow conditions and the orifice) to 10 3 (based on the primary flow conditions and the inlet chamber size) is governed by 3D Navier-Stokes equations. In Cartesian coordinates, the conservative form of the equations is written as:
where, U is the unknown variable vector, F i are the inviscid flux vectors in x, y, and z directions, D i are the diffusion flux vectors, and S c is the chemical reaction source term, where
In above equations, the total density of the mixture ρ = ns sp=1 ρ sp , and the partial density of the species sp is denoted by ρ sp ; u i (i = 1, 2, 3) are velocity components in x, y and z directions; e and p denote the total energy, and the pressure of the mixture; v sp,i represents the diffusion velocity of the species sp in direction x i ; τ and q define the viscous stress and heat conduction terms, andω sp is the variation rate of the species sp. The transport properties of each pure component, such as viscosity and thermal conductivity, and special heat capacity and enthalpy, are obtained from the relations given in the power series form of temperature. The effective binary diffusion model rather than Fick's model is applied to approximate the diffusion of all species. In the chemical kinetic model, 21 elementary reactions and ten species, I 2 , I * 2 , 2 and He are taken into consideration. The transport property model, thermodynamic parameter variations, diffusion model and chemical reactions were synthetically analyzed and presented in [7] .
The total energy density is defined as
Each species is usually assumed to be a thermally perfect gas, and the specific heat, enthalpy and entropy for each species can be calculated by the thermal polynomial equations 
Therefore, the enthalpy of the mixture h is calculated by summing the enthalpies of all species
where c i is the mass fraction of species i in the mixture. According to Dalton's law, the pressure p is the sum of the partial pressures for each species and can be calculated with the state equation for the perfect gas
where, R i is the gas constant of species i and T is the temperature of the gas mixture. For the transport properties, the coefficients of thermal conductivity and the viscosity of the pure species can be approximated by using the following equations.
The appropriate constants in above two equations can be found in the relevant literature [7] . Also, the transport parameters, η(κ, µ), of the mixture are given by Wilkes' equations
where the molecular weight and the molar fraction of each species are denoted by w i and X i , respectively. An accurate description of the molecular diffusion of the chemical species is important for the low pressure flowfields of chemical lasers. The Ramshaw-Dukowicz approximation for multi-component diffusive transport is commonly used, including both concentration gradient driven and pressure gradient driven contributions
where χ i and γ t denote the molar concentration of species and the total molar concentration of the mixture, respectively. The average diffusion coefficient D i is calculated by using a binary effective diffusion model. The production rate resulting from chemical reaction of species i is determined bẏ
The forward reaction rate constant of each reaction is calculated by using the Arr henius equation and the corresponding backward reaction rate constant can be derived from the equilibrium coefficient and the forward rate constants
In these equations, ir and jr denote the species numbers in the r th elementary reaction; ν ir and ν ir are the stoichiometric coefficient of species i in the r th elementary reaction as the reactant and product, respectively; k f,r , k b,r and k e,r denote the forward and the backward reaction rate constants, and the equilibrium coefficient of the r th elementary reaction, respectively. The pre-exponential factor C r , the temperature index nr, and the activation energy Ea r are given by the detailed finite rate chemical reaction model.
The semi-discretized difference equation for Eq. (1) is
The dissipative terms VISC are discretized with a second order centered difference scheme, while the convective term CONV, is discretized by using the dispersion controlled dissipative (DCD) scheme proposed by Jiang et al. [8, 9] for shock wave capturing, which was developed originally to simulate 2D chemical reactive flows of detonation waves [10] and 3D COIL flows [3] . In a curvilinear 3D space, the semidiscretized form of the convective term is
HereF,Ĝ,Ĥ are the numerical flux vectors, and
In the above formulas,F,G andH are flux vectors in the curvilinear coordinate directions ξ , η, ζ , respectively; A = ∂F/∂Ũ ,B = ∂G/∂Ũ , andC = ∂H /∂Ũ are Jacobian matrices; I is a unit matrix; A , B and C are diagonal matrices whose diagonals are formed from the eigenvalues of the Jacobian matrices. The superscripts (·) + and (·) − denote vector splitting according to the Steger-Warming algorithm [11] . In Eqs. (27) and (28), the function "minmod" presents the limiter proposed by Jiang et al. [7, 8] . In the general coordinate (ξ, η, ζ ), the split forms of the convective flux vectors are simple and symmetrical, and are obtained through a series matrix operations. For the split flux vector of fluxF in the ξ direction,
. . .
where,λ
and
= ξ 2 x + ξ 2 y + ξ 2 z , ξ x , ξ y , ξ z are the transformation matrices between the physical and computational space, and J is the transformation Jacobian. The split forms forG and H are similar to those ofF.
An explicit and second-order Runge-Kutta integration method is used to advance the computational solution in time toward its steady state. The convergence criterion is defined as Res = |ṁ in −ṁ out | m in ≤ 10 −4 , whereṁ in andṁ out are the mass flow rates of some important species at the inflow and outflow boundaries of the nozzle, respectively, for example, helium for the validation case and oxygen for other cases.
One run took about one month on a self-parallelized 64-bit workstation with four processors.
Validation of the numerical simulations
In order to verify numerical algorithms and validate numerical solutions, a cold flow with a transonic injection in a Research Assessment Device Improvement Chemical Laser (RADICL) slit nozzle was computed. The geometry used in the computation was chosen according to the experimental geometry used in [12] . The computational domain, which utilizes the unit cell approximation based on symmetry of the RADICL nozzle and the symmetry hypothesis of the multijet flows, is shown in Fig. 2a . A coarse grid (601 × 71 × 31) and a fine grid (601 × 91 × 41) were used to discretize the nozzle. The flow conditions were set as follows: (1) upstream from the nozzle throat, the second flow is injected into the primary flow perpendicularly through a big orifice with a diameter of 0.8128 mm and a small orifice with a diameter of 0.4064 mm in the unit cell; (2) helium is used for both the primary and second flows; and (3) the total temperature and pressure of the two flows are T p = 293 K, p p = 7, 955 Pa, T s = 403 K, and p s = 32, 925 Pa, where subscripts p and s denote the primary and second flows, respectively. For the boundary conditions in this calculation, the sonic inflow condition was set to the secondary injection, while the constant total pressure condition was imposed on the subsonic inflow condition for the primary flow. Along with the measured experimental data, the computed wall pressure is shown in Fig. 2b . A good agreement between the experimental data and the numerical results in both the coarse and fine mesh has been achieved. The discrepancy in the pressure measurements is the highest near the downstream nozzle exit, which is considered to be a consequence of injecting a purge flow in the z direction downstream of the nozzle throat in the experiment [12] . The application of the fine mesh shows only a minor change in the wall pressure. In the following simulations, the coarse mesh will be used. From the direct comparison of these results, it can be concluded that the numerical solutions are well validated for the frozen jet flow in the COIL, and the extension of the numerical algorithms to reactive flow simulations in the present study is acceptable.
Flowfield and the small signal gain
In the following computations, the computational domain and the injection schemes used are almost identical to those described in the validation section, except that the streamwise dimension of the nozzle is reduced to 60 mm. A smaller domain allows the focusing of the near field of the jet mixing with a sufficient grid density at a reasonable computational cost. The mesh with 501 × 71 × 31 grid nodes is used in all the subsequent numerical simulations. An exponential refinement algorithm is implemented to generate locally refined high density mesh near the jet orifices.
To analyze and compare the performance of jet mixing, the chemical reaction and signal gain generation in the mixing nozzle operating in three different cases that correspond to under-, full-, and over-penetration conditions have been studied. The primary flow conditions are identical for all computational cases. The premixed primary flow consists of O 2 ( 3 )/O 2 ( 1 )/H 2 O/Cl 2 /He with molar fractions of 1/0.69/0.16/0.24/5.77. The total pressure, p p0 = 9.9 kPa, and the total temperature, T p0 = 315 K, of the free stream are specified as the inflow boundary conditions of the nozzle intake. The secondary flow composing of I 2 /He (molar fraction 1:118.4) is injected perpendicularly to the primary flow at a sonic velocity in the subsonic section of the nozzle. While maintaining the temperature at T s0 = 415 K, three different jet pressures, p s0 = 16.1, 20 and 24 kPa, corresponding to the under-, full-and over-penetration conditions of the transverse jet in the nozzle flow, are used. It is well known that the round-jet/cross-stream interaction produces a complicated flowfield that depends primarily on the effective velocity ratio or blowing ratio, r = ρ s u s /ρ p u p . Therefore, the jet pressure values represent the different jet densities and, in turn, the different effective velocity ratios considered in the simulations.
A second jet, when issued into a crossflow, will be bent to the streamwise direction of the primary flow. Generally, the fluid is entrained and the vorticity in both the jet and the cross flow stretches and aligns to produce four dominant flow structures: the jet shear layer, the counter-rotating vortex pair (CVP) embedded in the jet trajectory, the horseshoe vortices, and the wake structures. These structures and vortices are helpful to enhance the mixing process, and then chemical reactions. The jet structures, production of laser medium, and small signal gain fields will be analyzed contrastively in the following paragraphs.
In Fig. 3 , the complex flow structures in the near flowfield of the transverse jet are demonstrated with the distribution of molecular iodine. The horseshoe-shaped structures associated with the transverse jet flow can be seen clearly in Fig. 3a and b due to the effect of shear stress on the jet fluid as it penetrates into the primary flow. The shear layer and counter-rotating vortex pair are induced by the stretching and rolling of the interface between the primary and jet flows. All these flow structures and processes increase the entraining surface area, as well as the concentration gradients, and in turn the diffusion. The under-expanded jet condition induces the shock cell and Mach disc structure near the jet orifice, as shown in the lower half of Fig. 3b . The density of the Fig. 4b , highlights the chain dissociation mechanism of the molecular iodine mentioned in Fig. 1 . The laser medium field is homogeneous throughout most of the region downstream from the nozzle throat, except in the boundary layer and the core section of the nozzle flow. Owing to the under-penetration condition, the singlet oxygen molecules are not utilized efficiently, as shown in Fig. 4c and d. The two jets from the small orifices increase the spatial distribution of the iodine in the field where the former jet cannot reach, as given in Figs. 3 and 4a .
The small signal gain that determines the laser beam output is proportional to the concentration difference ([I * ] − 0.5[I]). In Fig. 5a , the ground state atomic iodine near the nozzle throat is produced at a relative high rate due to the rapid dissociation of I 2 and the relaxation of the pumping reaction, which results in a relative low gain value. This coupled process of gas dynamics and chemical kinetics makes the flowfield more complex. There are two regions of the low gain, as seen in Fig. 5a and b in the boundary layer and near the symmetric plane of the nozzle. A proper penetration condition should be applied to produce a better gain field and the more efficient utilization of the energy carrier, O 2 ( 1 ). The jet trajectory reaches the horizontal symmetric plane, i.e. the full penetration condition is achieved, when the jet pressure is set to 20 kPa. The small signal gain and some key species are shown in Fig. 6 . One of the problems, the trapezium profile as shown in Fig. 5b , associated with underpenetration is overcome by the full penetration jet mixing as seen in Fig. 6a . The effective gain region extends to most of the spanwise range of the nozzle, except in the boundary layer. In Fig. 6b , the different evolutions of the ground state (denoted by squares) and the pumped (denoted by triangles) iodine in the transonic region of the nozzle indicates the coupling between the chemical reaction mechanism and the gas dynamics. Both non-dimensional densities of these two species decrease abruptly due to the supersonic expansion downstream from the nozzle throat (x = 1.188 cm). The excited iodine undergoes a smaller drop than the ground state atomic iodine and then increases gradually, which shows that the generation of I * via an exothermal pumping reaction benefits more from the flow cooling process than from the rarefication associated with the supersonic expansion of the nozzle flow. Consequently, the different variation trends of these two species accelerate the growth of the small signal gain.
Three parameters, the utilization of the singlet oxygen, the dissociation ratio of the molecular iodine, and the pumping ratio of atomic iodine, are generally used to evaluate the performance of the mixing nozzle. These parameters demonstrate 3D features according to the different z-planes, as shown in Fig. 7 . These 3D features imply that the optimum spatial distribution of the chemical performance cannot be obtained, even if the optimum jet penetration condition is achieved. Therefore, a trade-off exists between the jet dynamic and the kinetic process, and it needs further study and optimization in the future.
In the case of over-penetration, the jet pressure is increased to p s = 24 kPa. The numerical results show that strong unsteady structures are induced by the impingement between the jets. Bubbles containing singlet oxygen molecules and iodine molecules can be found in Fig. 8a and b, respectively. Such unsteadiness and heterogeneousness in the jet mixing region will directly translate into unsteadiness and heterogeneousness in the laser gain, and finally result in the time dependency of the laser power output [2] . Moreover, the heterogeneousness in the laser cavity also leads to the degeneration of the laser beam quality due to the asymmetrical refractive index of the fluid mixture. The over-penetration impingement also causes higher pressure losses. For these reasons, the over-penetration jet is not recommended in the COIL mixing nozzle design. 
Conclusions
Various numerical simulations of 3D chemically reacting flow have been performed to obtain further understanding on the physical and chemical processes underlying the nozzle flow of a chemical oxygen-iodine laser. Several operation conditions with different transverse jet pressures have been studied corresponding to the different conditions. The flow structures associated with transverse jets in cross-flow are well captured and seem to play an important role in the mixing of flows in the COIL nozzles. In an under-penetration jet, the singlet oxygen molecules in the core flow are not effective in transferring energy to the laser mediums and will be discharged with the exhaust gases. Such the energy waste will result in a lower chemical efficiency. In over-penetration condition, it is expected that the unsteady and heterogeneous structures induced by the impingement will translate into the degeneration of the laser beam quality. Under a full penetration jet condition, a relatively uniform flowfield and gain field can be achieved. It should be noted that even in such the condition, the chemical reaction field, to some extent, has some non-uniformities and 3D features. Further studies are needed in the future.
